We have examined the effect of the protein phosphatase inhibitors okadaic acid and microcystin on pollen-pistil interactions in Brassica. Inhibitor-treated flowers or floral buds were pollinated with untreated pollen and examined for pollen tube growth by fluorescence microscopy. Our results show that type 1 or type 2A serinelthreonine phosphatases play a crucial role in the pollination responses of Brassica. We observed two distinct effects of protein phosphatase inhibitors on pollination: (a) the inhibition of pollen tube growth during cross-pollination in flowers, and (b) the breakdown of self-incompatibility or promotion of pollen tube growth during self-pollination in flower buds just prior to anthesis. Thus, treatment of flower pistils with protein phosphatase inhibitors resulted in the inhibition of pollen tube growth at the surface of the papillar cells of the stigma in crosses between different selfincompatible Brassica oleracea strains, in an interspecific cross between B. oleracea and Brassica campesfris, and in self-pollinations of a self-fertile Brassica napus cultivar. With four different self-incompatibility genotypes, treatment of mature flowers with protein phosphatase inhibitors had no effect on self-pollination response. In contrast, treatment of flower buds just prior to the anthesis stage allowed self-pollen tube invasion of papillar cells. However, the magnitude of this effect was genotype dependent, being most pronounced in the Saz genotype. The data support the conclusion that pollinations in Brassica are controlled in part by the presence of phosphorylated proteins in the papillar cells of the stigma, and that the quantity of these proteins or their levels of phosphorylation changes during stigma development.
A successful pollination involves the capture of pollen, the hydration and gennination of individual grains, and the growth of a pollen tube. In members of the Brassicaceae (crucifers) the pollen tube invades the papillar cells of the stigma surface and grows within the secondary papillar cell wall. The pollen tube then grows intercellularly in the transmitting tissues of the stigma, style, and ovary, where the tube grows over the surface of the septum, penetrates the funiculus, and enters the unfertilized ovule to effect fertilization (Hill and Lord, 1987) .
Although it has been suggested that signals of a chemical, electical, or mechanical nature operate in the pistil and induce the directionality of pollen tube growth (Steer and Steer, 1988) , very little is known about the molecular requirements for in vivo pollen germination and pollen tube growth. It is clear that specific cell-cell interactions must be important components of pollination and fertilization. In a11 plants, the pistil presents a bamer to pollen from other species. In addition, plants have evolved intraspecific genetic mechanisms that allow the discrimination between "self" and "nonself" pollen, thus promoting outbreeding and genetic variability. In Brassica, this bamer to self-fertilization known as SI occurs at the site of contact between a pollen grain and the papillar cell of the stigmatic surface. Thus, pollen-pistil interactions in Brassica involve complex cell-cell interactions, one aspect of which is mediated by the SI or S locus (reviewed in Dzelzkalns et al., 1992) .
Molecular analysis of the S locus of Brassica oleracea has resulted in the identification of the the SRK gene (Stein et al., 199 1). This gene encodes a transmembrane receptor-like protein with Ser/Thr kinase activity (Goring and Rothstein, 1992;  Stein and Nasrallah, 1993) . The SRK gene is expressed exclusively in stigmas and anthers of Brassica and its receptor domain exhibits a high degree of polymorphism between different SI genotypes. The discovery of the SRK gene has led to the hypothesis that the phosphorylation state of proteins is important for cell-cell communication between the pollen and the stigma. To date we do not know what the substrates of SRK are in vivo. However, based on paradigms in animal systems, we can predict that the phosphorylation state of this (these) substrate(s) is dependent on the activity of both kinases and protein phosphatases. An analysis of the role of protein phosphatases during pollen-pistil interactions might shed light on the role of protein phosphorylation during pollination. It is of particular interest to determine if PP are important in this process.
The PP in the cytoplasmic and nuclear compartments of eukaryotic cells are divided into four groups according to their ion requirements and sensitivity to inhibitors (Cohen, 1989; Cicirelli, 1992) . Type 1 PP (PPI) are inhibited by nanomolar amounts of the thermostable proteins 1-1 and I-2, whereas type 2 PP (PP2) are resistant to these inhibitors. PP2 fall into three classes: type 2A PP do not require divalent ions for activity, type 2B PP are Ca2+/calmodulin dependent, and type 2C PP require Mg2+. In addition, these phosphatases differ in their sensitivity to specific inhibitors. For example, PPl and PP2A are inhibited by nanomolar amounts of the Plant Physiol. Vol. 103, ' I 993 polyketal fatty acid okadaic acid (Bialojan and Takai, 1988) or the cyclic hepfapeptide microcystin-LR , whereas PP2C is resistant to these inhibitors and PP2B is affected only at much higher inhibitor concentrations.
Okadaic acid and microcystin-LR appear to have no effect on other phosphatases or on protein kinases (reviewed by Cicirelli, 1992) , ,and experiments performed by Siegl et al. (1990) and by Huber and Huber (1990) have shown that both inhibitors can enter plant cells via the transpiration stream. Treatment of cells or tissues with these inhibitors has been used to aijsess the role of protein phosphatases in different cellular processes. For example, treatment of spinach leaves with okadaic acid (2.5 p~) or microcystin (1 p~) results in decreased activation of Suc phosphate synthase (Huber and Huber, 1990) . Further biochemical studies have shown that PP2A is necessary to dephosphorylate SUC-P synthase and to obtain maximal activation of the enzyme (Siegl et al., 1990) .
To assess the role of PP in pollen-stigma interactions, it would be useful to alter phosphatase activity in the stigma and to determine if this change affects pollination. In this paper we report on experiments in which flowers or floral buds were treated with either okadaic acid or microcystin-LR and pollinated with untreated pollen. The dramatic effects of inhibitor treatment on pollen tube development observed demonstrate the importance of protein phosphorylation in the signaling between pollen and stigma.
M,ATERIALS A N D METHODS

Plant Material
The following cultivars of Brassica were used: Brassica oleracea cv acephala homozygous for the SQ S13, or SZ2 genotype, B. oleracea cv alboglabra homozygous for the Sz genotype, Brassica napus cv Westar, and Brassica campestris homozygous for the Ss genotype. or O, 0.25, 0.5, 1, 2, or 4 p~ microcystin-LR (Sigma) in water (diluted from a 300 p~ stock in 10% [v/v] methanol). Care was taken in a11 cases to ensure that the stigma surface was never in contact with the solution. The dishes were incubated ovemight in a humid chamber. The next day the flowers were pollinated with untreated cross-pollen and incubated at room temperature for an additional 3 to 4 h in the presence of inhibitors or control solution. Finally, the stigmas were excised from the flowers, fixed, stained with decolorized aniline blue, and examined by fluorescence microscopy to monitor pollen tube growth (Kho and Baer, 1968 Flowers and floral buds were collected from develciping inflorescences and pooled into three groups: the first group consisted of flowers at 1 to 2 d after anthesis (postanthesis stages +1 and +2); the second group consisted of flowers at anthesis (stage O) and of floral buds at 1 to 2 d before anthesis (preanthesis stages -1 and -2); the last group consisted of floral buds at 3 to 5 d before anthesis (preanthesis stagas -3 to -5). Flowers were emasculated and both flowers and floral buds were treated as described above. The concentration of inhibitors in these experiments was 2 PM okadaic acid or 4 PM microcystin-LR. Control flowers or buds were treated with either 0.065% (v/v) DMSO (in the case of okadaic acid) or 0.13% (v/v) methanol (in the case of microcystin-LR). Except for the necessity of exposing their stigmas for pollination with forceps, floral buds were treated exactly as the flower samples.
RESULTS
,
Effed of Protein Phosphatase lnhibitors on Compatible Pollinations in Brassica
To assess the effect of okadaic acid and microcystin-LR on pollination in Brassica, we first determined the concentration of inhibitor that might affect pollination responses. We treated B. oleracea flowers homozygous for the SZ2 haplotype (for a review of SI nomenclature see Boyes and Nasrallah, 1993) with either okadaic acid or microcystin-LR rangjng in concentration from O to 4 PM. The treated flowers were, then pollinated with untreated compatible pollen bearing Ieither the S6 or the S13 haplotype. The results are shown in Table I and Figure 1 . Stigmas from untreated flowers supported the growth of more than 300 pollen tubes, as expected for icrosspollinations. Low concentrations of either inhibitor had no effect on pollen tube growth or on the number of pollen tubes observed per stigma (Fig. 1, A and B) . By contrast, Flowers homozygous for the S 2 2 haplotype were treated with different concentrations of okadaic acid as described in "Materials and Methods" and pollinated with pollen carrying the S 13 haplotype. Pollen tube growth was visualized after staining with aniline blue. The concentrations of okadaic acid were as follows: A, 0 HM; B, 0.1 >IM; C, 1 IIM; and D, 2 ^M. Arrows indicate pollen tubes that failed to invade the papillar cell wall. Pt, Pollen tube; Po, pollen grain; P, papillar cell. Bar = 50 jim.
higher concentrations of inhibitor had dramatic effects on cross-pollination. Under these conditions, pollen tubes were severely reduced in number or completely absent (Fig. 1, C  and D) . In addition, any pollen tubes that did form appeared as short extensions that did not extend into the papillar cell wall (Fig. 1C) . Thus, two inhibitors with distinct chemical structures but with the same specificity affect cross-pollination in the same way.
The results show that a threshold concentration of inhibitor is required to inhibit cross-pollination (Table I) : 2 fiM okadaic acid and 4 HM microcystin-LR were the lowest concentrations of inhibitor that resulted in greatly reduced or no pollen tube growth. Higher concentrations of inhibitor were toxic to the flowers, turning their petals brown and causing symptoms of early senescense (data not shown). All subsequent experiments were performed using 2 /J.M okadaic acid or 4 ^M microcystin-LR.
To determine if cross-pollinations of plants of other genotypes were also affected by okadaic acid or microcystin-LR, flowers of plants homozygous for the S 2 , S 6 , or S ]3 haplotype were treated with inhibitors as described above and crosspollinated. Table II shows that in the different genotypes tested, pollen tube growth was inhibited by the treatment. Thus, the inhibition of pollen tube growth after cross-pollinations by okadaic acid or microcystin-LR is genotype independent. Furthermore, this effect of inhibitors is not restricted to self-incompatible strains of B. oleracea. In pollinations of a self-fertile B. napus strain and in interspecific pollinations between B. oleracea and B, campestris, both of which resulted in high pollen tube counts on control flowers, pollen tube development was arrested in the presence of inhibitors (Table II) .
Effect of Protein Phosphatase Inhibitors on Self-Pollinations in Brassica Flowers
In self-incompatible Brassica plants, the pollination of mature flower stigmas with self-pollen, i.e. pollen carrying the same active S haplotype as the stigma, results in very low or no pollen tube growth. To determine if PP are involved in self-incompatible pollination responses, Brassica flowers were treated with varying micromolar concentrations of okadaic acid or microcystin-LR and tested for their ability to reject untreated self-pollen. 
SI response was detected in any of the flowers tested. Even at the highest concentrations of inhibitor tested, no significant pollen tube growth occurred upon pollination with incompatible pollen.
The SI response of Brassica is developmentally regulated and becomes evident in the stigmas of floral buds only at 1 or 2 d before anthesis. Stigmas of younger buds have not developed the capacity to discriminate against self-pollen and are self-compatible. This developmental regulation of SI is maintained in our pollination assay system, as shown in Table IV by the pollination responses of control flowers and flower buds that were treated with either 0.065% DMSO or 0.13% methanol in the absence of PP inhibitors. In the three SI genotypes artalyzed, stigmas of preanthesis immature buds 3 to 5 d before anthesis supported limited self-pollen tube growth (19-76 pollen tubes/stigma on average). By contrast, very little self-pollen tube growth occurred on stigmas of mature flowers or floral buds 1 to 2 d prior to anthesis (0-13 pollen tubes/stiigma on average). It was of interest to determine if these developmental differences in stigma response to self-pollination could be correlated withl differences in the effects of PP inhibitors.
Flowers and developing floral buds were treated with either 2 PM okadaic acid or 4 FM microcystin-LR and pollinated with untreated self-pollen. The numbers shown in Table IV represent average pollen tube counts of pools of 4 to 6 llowers or 10 to 15 flower buds determined from independent experiments. Inhibitor treatment of 1-to 2-d postanthesis flowers (stages +1 and +2) homozygous for the s. 5, $3, and $2 haplotype had no effect on self-pollination, consistent with the results shown in Table 111 . The same result was obtained when flowers homozygous for the S2 haplotype were tested (data not shown). In addition, no differences in self-pollination responses were detected between treated and lcontrol stigmas from immature preanthesis buds (stages -3 to -5) in any of the plants tested. By contrast, stigmas of flowers at anthesis (stage O) and preanthesis mature floral buds (stages -1 and -2) showed extensive growth of self-pollen tubes in plants of the S22 genotype that were treated with either microcystin or okadaic acid. A similar, albeit less dmmatic, effect of PP inhibitors was also observed in plants of the SI3 genotype, but not in plants of the s 6 genotype. The pollen tubes that grew on these stigmas were morphologically normal. However, the tubes extended only into the uppw one- third of the style and did not reach the ovary, due either to a dramatically reduced growth rate or to effects of the inhibitors on processes that direct the growing tube to the ovary and ovules.
Effect of Protein Phosphatase lnhibitors on Cross-Pollination during Stigma Development
Since the effect of PP inhibitors on self-pollination appears to be developmentally regulated, we also tested the effects of these inhibitors on cross-pollination during stigma development. We tested the responses of flowers and mature preanthesis floral buds from a number of different donor (pollen) and recipient (stigma) combinations with both inhibitors. The results of this analysis are shown in Table V .
The pollen tube counts obtained in cross-pollinations of control untreated flowers and flower buds show developmentally regulated changes in the receptivity of the stigma to cross-pollen. In postanthesis flowers (stages +1 and +2), stigmas are able to support ample cross-pollen tube growth, as described in the previous section. In flowers at anthesis (stage O) and in preanthesis mature buds (stages -1 and -2), stigmas are able to support pollen tube growth; however, the number of pollen tubes is reduced and quite variable. In treated samples, we found that the developmental state of the stigma was an important factor in determining if okadaic acid or microcystin-LR affect cross-pollinations. Specifically, in a11 combinations tested, cross-pollinations in open flowers were inhibited or severely reduced as described in the previous section. In contrast, pollen tube growth on stigmas at the preanthesis stage was not affected in the presence of inhibitors. Both treated and control immature stigmas were able to support similar numbers of pollen tubes.
DISCUSSION
Pollination in Brassica can be viewed as a specific cell-cell interaction between a pollen grain and a stigmatic papillar cell. The results presented in this report indicate that this cell interaction is controlled in part by type 1 and/or type 2A PP. We showed that inhibitors of these protein phosphatases had dramatic effects on pollination responses. In compatible pollinations of mature postanthesis flowers, treatment with okadaic acid and microcystin-LR at concentrations of 2 ~L M and 4 PM, respectively, resulted in the inhibition of pollen tube development at the papillar cell surface. These inhibitor concentrations are higher than the nanomolar concentrations shown to inhibit type 1 and 2A protein phosphatases in vitro (Cohen, 1989) , but are comparable with the concentrations used during in vivo experiments in other plant systems (Huber and Huber, 1990) . Micromolar concentrations of inhibitor are usually required in experiments with whole tissues or cells because the concentration of protein phosphatase in the cytosol is higher than that present in cell extracts. For example, concentrations of okadaic acid as high as 34 PM were necessary to affect protein phosphatase type I-mediated motility in Paramecium , apparently due in part to the difficulty of inhibitor uptake through the thick protein-coated surface of Paramecium.
For severa1 reasons we do not believe that the effect of okadaic acid or microcystin-LR on cross-pollination is due to the death of papillar cells or to the action of the PP inhibitors within pollen after their uptake into the grain. First, stigmas of floral buds treated with inhibitors can still support pollen tube growth. Second, in plants homozygous for the S22 haplotype, flowers at anthesis and floral buds at 1 d prior to anthesis can support self-pollen tube growth in the presence of inhibitors. Third, we have shown that Arabidopsis thaliana flowers can support pollen tube growth in the presence of protein phosphatase inhibitors (Kandasamy et al., 1993) . It should be noted, however, that okadaic acid and microcystin-LR affect many cellular processes regulated by type 1 and 2A protein phosphatases. Thus, in addition to short-term effects of okadaic acid and microcystin-LR on PPI-and/or PP2A-mediated signal transduction events, prolonged exposure of cells to these inhibitors can have long-tem effects on protein synthesis, transcription, and metabolic enzyme activity (Haystead et al., 1989; Hou et al., 1993; Wadzinski et al., 1993) . At the present time it is not possible to exclude an indirect effect of PP inhibitors on pollination. However, we can at least discount the possibility that PP inhibitors affect polli- Vol. 103, 1993 nation responses by inhibiting protein synthesis. The effects we observed differed markedly from those observed after treatment of flower pistils with the protein synthesis inhibitor cycloheximide, treatment that resulted in the breakdown of the SI barrier biit did not affect aoss-pollination (Roberts et al., 1984) .
Although adtiitional experiments are required to demonstrate that PP inhibitors exert their effects on pollination by interfering directly with a step in the pollination signal transduction cascade, our results are consistent with a requirement for type 1 and/or type 2A protein phosphatase activity in compatible pollmation. This requirement appears to be general in the genus Brassica, since intraspecific compatible pollinations of mature flowers in B. oleracea and B. napus, as well as in interspecific pollinations between B. olerucea and B. campestris, were similarly affected by inhibitor treatment.
Because pollen tube development was inhibited at the papillar cell surface and pollen tubes never invaded the underlying tissues o1 the stigma in treated pistils, this protein phosphatase acitivity must be localized in the papillar cells. Further, this activity is developmentally regulated, since neither okadaic acid nor microcystin-LR affected pollen tube growth on the stigmas of preanthesis immature floral buds. In any event, oiir results support data from genetic ablation experiments in which cell death was targeted to papillar cells in B. napus (Kandasamy et al., 1993) . In these experiments the inability of stigmas with ablated papillar cells to support pollen tube growth indicated that successful pollen tube growth on Brussica stigmas is dependent on the biochemical activity of papillar cells. Presumably the ablated papillar cells do not carry out the protein dephosphorylation reaction required to allow pollen tube growth.
Based on the requirement of type 1 and/or 2A protein phosphatase activity for successful pollen tube growth in compatible pollinations, we further infer that a protein kinase activity, also localized in papillar cells, must be involved in signal transduction during compatible pollen-pistil interactions in Brassica. Phosphorylation resulting from the activity of one or more protein kinase must be reversed by a type 1 and/or type 2A protein phosphatase for pollen tube growth to occur. We do not know at this time what the nature of this protein kinase activity or its substrate(s) is. However, since the effect of protein phosphatase inhibitors on cross-pollination is detected only in mature flowers and not in immature floral buds, the kinase and/or its activity may be regulated during stigma development. Altematively, the concentration of its substrate(s) may change as a function of stigma maturation. The developmental regulation of protein kinases, protein phosphatases, and/or their substrates would thus constitute an important component of the maturation of papillar cells and their acquisition of the capacity to support pollen tube growth in mature flowers.
The fact that íhe Brassica S locus encodes the receptor-like SRK protein with its demonstrated Ser/Thr protein kinase activity implies a role for Ser/Thr phosphorylation during incompatible pollinations as well. However, we found that self-poilinations in mature flowers (at 1 to 2 d postanthesis) were not affected by inhibitor treatment. One interpretation of the data is that self-pollination in mature flowers results in maximal phosphorylation of a protein kinase substrate(s) required for the inhibition of self-pollen. The inhibibion of protein phosphatases would presumably maintain the substrate in the phosphorylated state and the SI response would be unaffected. Ultimately, however, protein phosphatases might be involved in retuming the system to the "ground" state, enabling the stigma to support cross-pollen tube growth. Different results were obtained when flowers at anthesis or floral buds at 1 to 2 d prior to anthesis were self-pollmated after treatment with inhibitors. In plants homozygous for $2, the ability of papillar cells to inhibit the development of selfpollen was lost upon inhibitor treatment at these stagec;. This result was not seen in plants of the s 6 genotype and was limited in plants of the S13 genotype. These results imply that protein phosphatases might in part regulate the SI response, but that their effects can be observed only in particular genetic backgrounds. Whether this genotype difference is imparted by the S haplotype of the plant or by other genes not linked to the S locus remains to be determined. Of the four S haplotypes included in our study, the s 6 , S13, and Sz2 haplotypes are placed relatively high on the dominance scale of S haplotypes and exhibit a strong SI reaction, whereas the S1 haplotype is low on the dominance scale, is pollen-recessive, and exhibits a relatively weak SI response in the skigma (Thompson and Taylor, 1966) . Our data showed no correlation between the relative strength or dominance/reccssiveness of S haplotypes and the effect of PP inhibitors 011 selfpollination. It is possible that in the SZ2 genetic background, the concentration or stability of the protein kinase substrate(s) is altered or the ratio of different substrates is changed at certain stages of development. Therefore, an inhibition of protein phosphatases could result in the incorrect balance of phosphorylated substrates, causing a breakdown of S [. Additional studies aimed at testing the effect of protein phosphatase inhibitors on self-pollination in plants of different genetic backgrounds and different S-haplotype compcisition should help clarify the role of type 1 and/or type 2A protein phosphatases during self-pollination.
